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HIGHLIGHTS 


•  3D  graphene  foam  was  used  as  the  scaffold  for  the  deposition  of  PtRu  nanoparticles. 

•  PtRu/3D  graphene  foam  nanocatalyst  showed  excellent  catalytic  activity  performance. 

•  PtRu/3D  graphene  foam  nanocatalyst  exhibited  a  higher  tolerance  to  poisoning  CO. 
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A  novel  composite  material  of  hierarchically  structured  platinum-ruthenium  (PtRu)  nanoparticles 
grown  on  large  surface  area  three  dimensional  graphene  foam  (3D  GF)  is  reported.  3D  GF  was  incor¬ 
porated  with  PtRu  bimetallic  nanoparticles  as  an  electrochemical  nanocatalyst  for  methanol  and  ethanol 
oxidation.  PtRu/3D  GF  nanocatalyst  showed  a  higher  tolerance  to  poisoning  by  CO  and  exhibited 
improved  catalytic  activity  for  both  methanol  oxidation  reaction  (MOR)  and  ethanol  oxidation  reaction 
(EOR).  Cyclic  voltammetry  (CV)  results  and  long-term  cycling  stability  tests  demonstrated  that  GF  pro¬ 
vided  a  promising  platform  for  the  development  of  electrochemical  nanocatalysts.  Specifically,  PtRu/3D 
GF  nanocatalyst  showed  excellent  catalytic  activity  toward  MOR  and  EOR  compared  with  PtRu/Graphene 
(Commercial  graphene),  PtRu/C  (Vulcan  XC-72R  carbon),  and  PtRu  alone.  The  crystal  size  of  PtRu  on  3D 
GF  was  reduced  to  3.5  nm  and  its  active  surface  area  was  enhanced  to  186.2  m2  g-1.  Consequently,  the 
MOR  and  EOR  rates  were  nearly  doubled  on  PtRu/3D  GF  compared  to  those  on  PtRu/Graphene. 

©  2014  Elsevier  B.V.  All  rights  reserved. 


1.  Introduction 

Fuel  cells  are  an  enabling  technology  for  creating  high  perfor¬ 
mance  energy  conversion  and  storage  devices  [1,2].  Among 
different  types  of  direct  alcohol  fuel  cells  (DAFCs),  direct  methanol 
fuel  cells  (DMFCs)  and  direct  ethanol  fuel  cells  (DEFCs)  are  excellent 
power  sources  due  to  their  high  energy  density,  low  pollutant 
emission,  low  operating  temperature,  and  easy  fuel  feeding  [3,4]. 

Transition  metal  nanoparticles  are  used  in  the  development  of 
DAFCs  due  to  their  catalytic  activity  [5].  The  large  surface-to- 
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volume  ratio  and  special  binding  on  the  surface  of  nanoparticles 
leads  to  catalytic  activity  [6].  As  an  example,  platinum  (Pt)  nano¬ 
particles  are  used  in  DMFCs  and  DEFCs  based  on  their  catalytic 
activity  for  the  oxidation  of  methanol  and  ethanol  [4].  Electrodes 
modified  with  Pt  nanoparticles  enhance  electron  transfer  and 
reduce  the  activation  overpotential  for  methanol  and  ethanol 
oxidation  [7].  Bimetallic  nanoparticles  create  functional  hybrid 
nanostructures,  resulting  in  unique  electronic,  catalytic,  or  pho¬ 
tonic  properties.  The  addition  of  a  second  metal  contributes  to  the 
alterations  in  particle  size,  shape,  surface-morphology,  composi¬ 
tion,  chemical  and  physical  properties  including  the  catalytic  ac¬ 
tivity  and  chemical  selectivity  as  compared  to  the  single-metal 
nanocatalysts  [8].  The  low-loading  and  high  catalytic  activity  of  Pt- 
based  nanocatalysts,  which  are  essential  for  DMFC  and  DEFC 
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development,  can  be  achieved  by  decreasing  particle  size, 
increasing  number  of  active  sites  for  methanol  or  ethanol,  and 
increasing  the  resistance  against  CO  poisoning  [9].  Specifically, 
among  platinum  based  bimetallic  nanocatalysts,  PtRu  nano¬ 
catalysts  exhibit  a  superior  activity  in  DMFC  and  DEFC.  Methanol 
and  ethanol  oxidation  on  PtRu  nanocatalysts  are  primarily  based  on 
the  balance  between  initial  adsorptive  dehydrogenation  of  meth¬ 
anol  or  ethanol  and  subsequent  oxidative  removal  of  dehydroge¬ 
nation  fragments  [10,11].  Using  methanol  oxidation  as  an  example, 
the  first  step  in  this  reaction  is  the  methanol  adsorption.  The  sec¬ 
ond  step  is  the  methanol  dehydrogenation  and  the  formation  of 
adsorbed  methanolic  residues  (CO)  on  Pt  surface.  When  pure  Pt 
surface  is  occupied  by  the  monoxide,  this  phenomenon  is  defined 
as  surface  poisoning. 

Pt  +  CH3OH  —  Pt  -  CH3OHads  —  Pt  -  COads  +  4H+  +  4e“  ( 1 ) 

The  dissociation  of  water  occurs  via  its  reaction  with  the  second 
metal  Ru  as  represented  in  step  2  [12]. 

Ru  +  H20 ^ Ru  -  OHads  +  H+  +  e"  (2) 

The  reaction  of  chemisorbed  CO  with  chemisorbed  hydroxyl 
species  (OFIads)  has  been  demonstrated  to  remove  the  COads  from  Pt 
active  sites.  Consequently,  OFIads  and  methanolic  residues  adsorbed 
on  Pt  sites  can  be  reduced  forming  pure  Pt  and  pure  Ru  [12]. 

Pt  -  COads  +  Ru  -  OHads  -  Pt  +  Ru  +  C02  +  H+  +  e-  (3) 

The  above  reaction  mechanism  is  similar  for  ethanol  oxidation. 
The  difference  between  methanol  oxidation  and  ethanol  oxidation 
is  that  the  process  of  ethanol  oxidation  requires  more  steps  and 
consumes  more  energy  for  C-C-bond  splitting.  Furthermore, 
adjustment  of  pFI  has  been  considered  as  a  promoter  to  enhance 
the  performance  of  DMFCs  and  DEFCs  [13].  Zhao  et  al.  have  re¬ 
ported  that  Pd/polypyrrole-graphene  operated  in  alkaline  solution 
can  improve  MOR  activity  [14].  The  study  on  the  effect  of  the  acidic 
solution  on  EOR  has  also  been  investigated  [15].  Another  method  to 
promote  the  performance  of  DMFCs  and  DEFCs  is  to  change  atomic 
ratio  of  Pt  to  Ru.  Shao  et  al.  have  shown  that  atomic  ratio  of  Pt  to  Ru 
has  a  significant  effect  on  the  performance  of  the  catalyst  for 
methanol  oxidation  [16].  It  also  has  been  demonstrated  that  Ru  has 
the  most  pronounced  effect  on  the  methanol  oxidation  rate  when 
mixed  with  Pt  in  a  1:1  atomic  ratio  [17].  However,  the  pure  PtRu 
nanocatalyst  without  carbon  supporting  materials  for  DMFCs  and 
DEFCs  has  limitations,  such  as  slow  kinetics  of  the  oxidation  reac¬ 
tion  and  poor  tolerance  to  CO  poisoning.  Carbon  nanoparticles, 
carbon  nanotubes  (CNTs),  and  graphene  are  thus  used  as  the  sup¬ 
porting  materials  for  PtRu  nanocatalyst  in  the  anode  of  a  DMFC  or 
DEFC  [18]. 

Graphene  is  a  two  dimensional  monolayer  of  carbon  atoms 
which  can  be  considered  as  an  electrocatalyst  platform  due  to  its 
high  specific  surface  area,  high  charge  carrier  mobility,  chemical 
stability,  and  thermal  stability  19,20].  Hybridization  of  graphene 
with  metal  has  been  investigated  in  different  applications  such  as 
lithium  batteries  [21],  catalysts  [22],  fuel  cells  [5],  biosensors  [23], 
and  photovoltaic  devices  [24].  However,  the  large  resistance  from 
structural  defects  and  the  strong  planar  stacking  of  graphene  sheets 
lead  to  a  drastic  deterioration  of  properties  [3,25,26].  In  order  to 
overcome  these  shortcomings  and  extend  the  unique  properties  of 
graphene  into  the  third  dimension  (3D),  a  great  effort  has  been 
focused  on  the  preparation  of  graphene  3D  skeletons  (graphene 
foam/porous  graphene)  [27,28].  Graphene  foam  (GF)  is  a  3D 
multilayer  consisting  of  freestanding  and  monolithic  graphene  film. 
This  porous  architecture  of  3D  GF  holds  large  surface  and  highly 
conductive  pathways  which  is  a  promising  material  for  use  in 


energy  storage  and  chemical  sensing  [29,30].  3D  GF  can  also  be 
used  as  a  freestanding  electrode  with  a  low  resistance  enhancing 
the  mobility  of  charge  carries  [31  ]. 

Recently,  Hu  and  co-workers  have  reported  on  the  development 
of  3D  GF  with  Pt/PdCu  nanocatalyst  for  its  application  in  ethanol 
fuel  cell  [3].  The  results  show  that  3D  GF  can  assist  nanocatalysts  to 
have  better  catalytic  activity.  In  the  present  work,  we  report  the 
preparation  of  novel  3D  GF  using  Ni  foam  as  a  sacrificial  template  in 
a  facile  process.  Furthermore,  we  report  PtRu  nanoparticles 
anchored  onto  the  3D  GF  as  a  new  composite  material  of  hierar¬ 
chically  structured  PtRu/3D  GF  for  anodic  electrocatalysis.  3D 
porous  graphene  structure  as  a  support  for  PtRu  nanoparticles 
provided  enhanced  surface  area  for  electron  transfer  for  methanol 
and  ethanol  oxidation.  PtRu/3D  GF  nanocatalyst  exhibited  catalytic 
activity  for  MOR  (109.3  mA  cm”2)  and  EOR  (78.6  mA  cm-2)  which 
was  about  2  times  higher  than  that  of  PtRu/Graphene,  respectively. 
After  cyclic  voltammetry  (CV)  for  900  cycles,  the  catalytic  activity  of 
PtRu/3D  GF  nanocatalyst  also  showed  a  higher  tolerance  to  CO 
poisoning.  The  good  conductivity  of  3D  GF,  large  active  surface  area 
of  the  composite  material  led  to  the  enhanced  catalytic  activity.  3D 
PtRu/GF  nanocatalyst  provides  new  avenues  for  design  of  high 
performance  electrode  materials  for  DMFCs  and  DEFCs. 

2.  Experimental 

2.1.  Materials 

Ruthenium  (III)  chloride  hydrate  (RuCl3-nH20,  99.8%  purity), 
hexachloroplatinic  acid  (IV)  hexahydrate  (H2PtCl6-6H20,  37.5%  Pt 
basis),  citric  acid  (99.5  wt.%)  and  sodium  borohydride  (NaBH4, 
99  wt.%)  were  purchased  from  Sigma  Aldrich  (St.  Louis,  MO).  Nation 
solution  (LIQUION)  was  purchased  from  Ion  Power  Inc  (New  Castle, 
DE).  Vulcan  XC-72R  carbon  (Cabot  corporation,  Boston,  MA)  and 
12  nm  flakes  graphene  (Graphene  Supermarket,  Calve rton,  NY) 
were  used  as  received. 

2.2.  Growth  of  the  3D  graphene  foam 

The  heteroatom-free  pure  carbon  3D  graphene  foams  (GFs) 
were  grown  by  conventional  chemical  vapor  deposition  (CVD). 
Detailed  procedures  for  preparing  the  3D  GFs  were  reported  else¬ 
where  [18].  Specifically,  a  nickel  foam  with  pore  size  590  pm  was 
used  and  heated  in  Ar  (500  seem)  and  H2  (200  seem)  sequentially. 
Graphene  coated  nickel  foam  was  formed  by  introducing  CH4 
(5  seem).  The  3D  GF  was  then  dip-coated  with  a  poly(methyl 
methacrylate)  (PMMA)  solution  (6  M  in  toluene)  preventing 
structural  failure  of  the  resultant  GFs.  The  PMMA  covered  GF  in 
nickel  substrate  was  then  placed  in  a  3  M  HC1  solution  removing  the 
nickel  template  and  dissolving  the  PMMA  by  acetone  to  obtain 
3D  GF. 

2.3.  Synthesis  and  modification  of  PtRu  nanoparticle  catalyst 

Various  Pt  based  bimetallic  catalysts  were  studied  [32],  and  PtRu 
appeared  to  be  attractive  as  nanocatalyst  for  methanol  and  ethanol 
oxidation  applications.  Thus,  the  PtRu  nanoparticles  were  synthe¬ 
sized  via  the  borohydride  reduction.  The  details  of  the  preparation 
of  PtRu  nanoparticles  were  described  elsewhere  [23].  In  brief, 
aqueous  solutions  of  the  H2PtCl6  (1.8  mM)  and  RuC13  (1.8  mM)  were 
used  as  the  precursors  of  this  preparation.  The  quantity  of  RuC13 
was  added  based  on  Pt  to  Ru  atomic  ratio  1:1.  The  prepared  PtRu 
nanoparticles  were  then  mixed  with  various  carbon  supporting 
materials:  0D  active  carbon  particles  (Vulcan  XC-72R  carbon),  2D 
commercial  graphene  and  3D  GF.  For  each  testing  of  DMFC  or  DEFC, 
the  loading  of  Pt  nanocatalyst  at  the  electrode  (surface  area: 
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0.196  cm2)  was  calculated  as  0.68  m2  g  \  20  wt.%  loading  of  PtRu 
nanoparticles  was  used  in  this  study. 

2.4.  Characterization  of  PtRu  nanocatalysts 

Phase  structures  and  compositions  of  the  PtRu  nanocatalysts 
with  different  carbon  supporting  materials  were  characterized  by 
XRD.  The  crystal  size  was  calculated  using  Debye-Scherrer’s 
equation.  The  morphologies  of  the  PtRu  nanoparticles  were 
examined  by  SEM  and  STEM,  and  details  were  presented  elsewhere 
[23].  N2  adsorption/desorption  (BET)  analysis  was  performed  at 
77  K  using  a  NOVA  4200e  (Quantachrome®,  Boynton  Beach,  FL). 
Before  the  BET  analysis,  samples  were  degassed  at  120  °C  for  5  h. 

2.5.  Electrochemical  characterization 

CV  studies  of  MOR  and  EOR  were  performed  using  an  Electro¬ 
chemical  Workstation  (CHI  660C,  CH  Instrument,  Inc.,  Austin,  TX). 
Typically,  one  milligram  of  the  bimetallic  nanocatalyst  with  the 
carbon  based  substrate  was  dispersed  in  45  pL  of  ethanol  and  5  pL 
of  Nation  solution  (15  wt.%),  and  then  sonicated  for  10  min  to 
prepare  the  ink.  After  sonication,  8.0  pL  of  the  mixture  was 
deposited  onto  a  glassy  carbon  working  electrode  with  a  surface 
area  of  0.196  cm2  (Part  no.  AFE2M050GC,  PINE  Instrument  Com¬ 
pany,  Grove  City,  PA).  A  Pt  mesh  electrode  (1  cm2)  and  a  saturated 
calomel  electrode  (SCE)  were  used  as  a  counter  and  a  reference 
electrode,  respectively.  The  solutions  consisted  of  0.5  M 
H2SO4  + 1.0  M  methanol  or  1.0  M  ethanol  and  were  purged  with  N2 
before  each  experiment.  Before  data  collection,  the  electrode  was 
cleaned  with  15  CV  scans  in  the  voltage  range  of  -0.241  V  to  +1.2  V 
versus  SCE  at  0.1  V  s-1.  CV  studies  were  then  conducted 
between  -0.241  V  and  +1.2  V  at  a  CV  rate  of  0.05  V  s-1  for  900 
cycles. 

The  CO  stripping  technique  was  used  to  determine  the  elec¬ 
trochemical  active  surface  area  (ECSA).  The  CO  stripping  vol- 
tammograms  were  conducted  with  a  three  electrode  cell  using 
0.5  M  H2S04  as  electrolyte.  Pure  CO  (99.5%)  was  pre-adsorbed 
onto  the  nanocatalyst  surface  at  -0.15  V  versus  SCE  for  1  h. 
The  dissolved  CO  was  then  removed  by  bubbling  N2  into  the 
solution  for  30  min,  and  the  stripping  voltammograms  were 
collected  at  a  scan  rate  of  0.5  V  s-1.  Two  cyclic  voltammograms 
were  recorded  between  -0.2  V  and  +1.2  V  versus  SCE.  The  first 
potential  sweep  was  conducted  to  electro-oxidize  the  adsorbed 
CO  and  the  second  potential  sweep  was  to  verify  the  complete¬ 
ness  of  the  CO  oxidation. 


3.  Results  and  discussion 

3.1.  Physicochemical  characterization  of  PtRu  nanocatalysts  with 
different  carbon  supporting  materials 

3D  GF  revealed  a  macroporous  structure  with  a  pore  diameter  of 
50-250  pm  and  extremely  thin  interconnected  sheets  of  graphene 
providing  sufficient  binding  sites  for  PtRu  nanoparticles,  as  shown 
in  Fig.  1(a).  The  STEM  image  of  Fig.  1(b)  showed  PtRu  nanoparticles 
covering  the  entire  surface  of  the  3D  GF  nanoporous  structure 
uniformly.  Details  of  this  assessment  were  reported  elsewhere  [23]. 
The  crystal  size  of  each  sample  also  could  be  verified  by  the  XRD 
results. 

XRD  patterns  of  PtRu  nanoparticles  with  different  carbon  sup¬ 
porting  materials  were  reported  [23].  The  diffraction  patterns  from 
the  (111 ),  (200),  (220)  and  (311 )  planes  of  the  Pt  crystal  were  given. 
The  crystal  sizes  of  the  PtRu,  PtRu/C,  PtRu/Graphene  were  7.07, 5.39 
and  4.24  nm,  respectively.  In  summary,  the  PtRu/3D  GF  nano¬ 
catalyst  showed  the  smallest  crystal  size  of  3.51  nm,  indicating  it 
had  the  largest  surface  area  per  unit  volume  among  the  four 
nanocatalysts.  Consequently,  the  PtRu/3D  GF  nanocatalyst  would 
be  attractive  to  catalyze  the  methanol  or  ethanol  oxidation 
reactions. 

3.2.  Surface  area  measurements 

CO  stripping  voltammetry  is  a  reliable  method  applied  to  eval¬ 
uate  the  ECSA  of  the  nanocatalyst  33,34].  The  ECSA  is  calculated  by 

ECSA  -  [PtixWcm-2  (4) 

where  Qco  is  the  charge  for  the  CO  stripping  (mC  cm-2),  [Pt]  is  the 
platinum  loading  (mg  cm-2)  in  the  electrode,  and  420  pC  cm-2 
represents  the  charge  density  which  is  required  to  oxidize  a 
monolayer  of  CO  on  the  Pt  site.  In  this  study,  the  ECSA  values  were 
37.2  m2  g-1, 54.2  m2  g-1, 121.8  m2  g-1  and  186.2  m2  g-1  for  the  PtRu, 
PtRu/C,  PtRu/Graphene  and  PtRu/3D  GF,  respectively.  The  PtRu/3D 
GF  nanocatalyst  showed  higher  ECSA  compared  to  the  other  three 
nanocatalysts.  This  observation  was  in  agreement  with  the  exper¬ 
imental  results  stated  by  XRD  that  PtRu/3D  GF  nanocatalyst  had  the 
largest  surface  area  based  on  crystal  size. 

BET  was  used  to  measure  the  total  specific  surface  area  by 
evaluating  the  external  area  and  the  pore  area  of  a  material.  This 
technique  is  based  on  physical  adsorption  of  a  monolayer  of  gas 


Fig.  1.  (a)  SEM  image  of  pure  graphene  foam,  (b)  STEM  image  of  PtRu/3D  GF. 
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molecules  on  the  surface  of  a  material.  The  data  are  then  treated 
according  to  the  Brunauer,  Emmett  and  Teller  adsorption  isotherm 
equation  35].  In  this  study,  the  BET  surface  area  values  of  the  PtRu, 
PtRu/C,  PtRu/Graphene  and  PtRu/3D  GF  were  measured  by  N2 
adsorption/desorption  and  were  44.9  m2  g_1,  52.9  m2  g_1, 
135.7  m2  g-1  and  158.6  m2  g_1,  respectively.  PtRu/3D  GF  was  more 
than  triple  that  of  the  commercial  carbon  support,  Vulcan  XC-72R 
carbon  powder.  It  was  expected  that  not  all  of  the  surface  area  of 
the  nanocatalysts  for  processes  of  electro-oxidation  could  be 
measured  by  BET  due  to  the  fineness  of  the  porosity  defined  by  such 
small  nanoparticle  size.  However,  the  trend  of  CO  stripping  vol¬ 
tammetry  was  consistent  with  the  trend  of  BET  measurement. 

3.3.  Methanol  and  ethanol  oxidation  measurements 

Fig.  2(a)  and  (b)  shows  the  cyclic  voltammograms  for  methanol 
and  ethanol  oxidation  in  a  solution  of  0.5  M  H2SO4  +  1  M  CH3OH 
and  0.5  M  H2SO4  +  1  M  C2H5OH  over  PtRu  nanocatalysts  with 
different  carbon  supporting  materials,  respectively.  The  potential 
was  swept  between  -0.2  and  +1.2  V  versus  saturated  calomel 


-0.2  0.0  0.2  0.4  0.6  0.8  1.0  1.2 

Potential  (V)  vs.  SCE 

Fig.  2.  The  cyclic  voltammograms  of  PtRu  nanocatalysts  with  different  carbon  sup¬ 
porting  materials  (a)  in  a  solution  of  0.5  M  H2S04  and  1  M  CH3OH,  (b)  in  a  solution  of 
0.5  M  H2S04  and  1  M  C2H5OH. 


electrode  (SCE)  at  a  voltage  scan  rate  of  0.05  V  s-1.  For  the 
methanol  and  ethanol  oxidation,  PtRu  catalysts  with  different 
carbon  supporting  materials  showed  similar  trends.  The  addition 
of  methanol  or  ethanol  to  the  electrolyte  resulted  in  a  dramatic 
change  in  the  appearance  of  voltammograms  due  to  MOR  or  EOR 
taking  place  on  the  surface  of  the  nanocatalysts  as  shown  in 
Fig.  2(a)  and  (b).  Methanol  and  ethanol  oxidation  were  charac¬ 
terized  by  well-separated  anodic  peaks  in  the  forward  (Jf)  and 
reverse  (Jb)  scans.  The  magnitude  of  peak  in  forward  scan  was 
directly  proportional  to  the  amount  of  methanol  or  ethanol 
oxidized  at  the  nanocatalyst  electrode.  The  reverse  scan  was 
attributed  to  the  removal  of  carbon  monoxide  (CO)  and  other  re¬ 
sidual  carbonaceous  species  formed  in  the  forward  scan.  PtRu/3D 
GF  showed  the  highest  current  density  (Jf)  of  oxidation  reaction  for 
both  methanol  (109.3  mA  cm-2)  and  ethanol  (78.6  mA  cm-2) 
compared  to  the  other  carbon  supporting  materials.  The  current 
density  (Jf)  of  the  PtRu/3D  GF  was  4.35  and  2.13  times  higher  than 
that  of  PtRu/C  and  PtRu/Graphene  for  MOR,  respectively.  In  EOR, 
the  current  density  (Jf)  of  the  PtRu/3D  GF  was  2.32  and  1.86  times 
higher  than  that  of  PtRu/C  and  PtRu/Graphene,  respectively.  The 
increased  number  of  active  adsorption  sites  and  the  larger  surface 
area  accelerated  the  reaction  rate  resulting  in  the  enhanced  cat¬ 
alytic  activity. 
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Fig.  3.  The  cyclic  voltammograms  of  two  PtRu  nanocatalysts  for  100  cycles  in  a  solu¬ 
tion  of  0.5  M  H2S04  and  1  M  CH3OH  (a)  PtRu/3D  GF,  (b)  PtRu/Graphene. 
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The  resistance  to  CO  poisoning  was  also  an  important  concern 
for  nanocatalysts.  The  ratio  of  peak  currents  associated  with  the 
anodic  peaks  in  forward  (If)  and  reverse  (/b)  was  used  to  describe 
the  tolerance  of  a  catalyst  to  intermediates  generated  during  the 
oxidation  of  methanol  [12  .  A  low  Jf//b  ratio  indicated  poor  electro¬ 
oxidation  of  methanol  to  CO  during  the  forward  scan,  suggesting 
excessive  accumulation  of  carbonaceous  intermediates  on  the 
catalyst  surface  [36].  For  PtRu/3D  GF  nanocatalyst,  the  value  of  Jf//b 
was  1.14  which  was  larger  than  that  of  PtRu/C  (0.99)  and  PtRu/ 
Graphene  (0.91)  for  MOR.  In  EOR,  the  Jf//b  value  of  PtRu/3D  GF 
nanocatalyst  was  1.00  which  was  also  larger  than  that  of  PtRu/C 
(0.66)  and  PtRu/Graphene  (0.84).  This  result  suggested  that  PtRu/ 
3D  GF  nanocatalyst  possessed  a  relatively  higher  tolerance  to  CO 
poisoning  and  the  carbonaceous  intermediates.  The  onset  potential 
of  the  methanol  and  ethanol  oxidation  reaction  for  the  PtRu/3D  GF 
were  shifted  towards  more  negative  potentials  than  the  PtRu/C  and 
PtRu/Graphene.  Thus,  the  reduction  in  the  overpotential  for  PtRu/ 
3D  GF  suggested  that  PtRu/3D  GF  nanocatalyst  could  be  used  to 
lower  the  kinetic  resistance  to  dissociate  methanol  or  ethanol. 

The  catalytic  activity  and  stability  of  the  PtRu/3D  GF  nano¬ 
catalyst  were  also  demonstrated  in  Fig.  3  for  MOR  and  Fig.  4  for  EOR 
in  comparison  with  PtRu/Graphene  nanocatalyst,  respectively.  The 
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Fig.  4.  The  cyclic  voltammograms  of  two  PtRu  nanocatalysts  for  100  cycles  in  a  solu¬ 
tion  of  0.5  M  H2S04  and  1  M  C2H5OH  (a)  PtRu/3D  GF,  (b)  PtRu/Graphene. 


cyclic  voltammograms  of  PtRu/3D  GF  and  PtRu/Graphene  nano¬ 
catalysts  in  a  solution  of  0.5  M  FI2SO4  and  1  M  CFI3OFI  at  a  voltage 
scan  rate  of  0.05  V  s”1  for  100  cycles  were  shown  in  Fig.  3.  For  PtRu/ 
3D  GF  nanocatalyst,  the  current  density  of  the  first  scan  at  both 
forward  and  reverse  scan  peaks  increased  from  109.3  and 
96.2  mA  cm-2  to  146.2  and  114.8  mA  cm-2  in  the  30  cycles,  and 
then  continuously  increased  to  151.3  mA  cm-2  and  118.4  mA  cnrT2 
in  the  50th  cycle,  respectively.  In  100th  cycle,  the  current  density  at 
both  forward  and  reverse  scan  peaks  were  enhanced  to  157.2  and 
126.9  mA  cm  2,  as  shown  in  Fig.  3(a).  For  PtRu/Graphene  nano¬ 
catalyst,  a  decrease  in  current  density  at  both  forward  and  reverse 
scan  peaks  were  observed  in  30  cycles.  After  30  cycles,  the  current 
density  at  both  forward  and  reverse  scan  peaks  gradually  decreased 
from  46.0  and  45.3  mA  cm-2  in  the  30th  cycle  to  38.3  and 
41.5  mA  cm-2  in  the  100th  cycle,  as  shown  in  Fig.  3(b).  The  cyclic 
voltammograms  of  PtRu/3D  GF  and  PtRu/Graphene  nanocatalysts 
in  a  solution  of  0.5  M  H2SO4  and  1  M  C2FI5OH  at  a  voltage  scan  rate 
of  0.05  V  s-1  for  100  cycles  were  shown  in  Fig.  4.  For  PtRu/3D  GF 
nanocatalyst  (Fig.  4(a)),  the  current  density  in  the  first  forward  scan 
decreased  from  78.6  mA  cm-2  to  58.5  mA  cm  2  in  the  30th  cycle, 
and  then  continuously  decreased  to  54.8  mA  cm-2  and 


Fig.  5.  The  durability  performance  of  PtRu  nanocatalysts  with  different  carbon  sup¬ 
porting  materials  (a)  for  methanol  oxidation  reaction,  (b)  for  ethanol  oxidation 
reaction. 
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Table  1 

A  comparison  of  the  performance  of  the  PtRu/3D  GF,  PtRu/Graphene  and  PtRu/C  nanocatalysts  for  methanol  and  ethanol  oxidation  reactions. 


Catalyst 

Crystal  size 
(nm) 

ECSA 

(mV1) 

BET 

(mV1) 

Methanol  oxidation 

Ethanol  oxidation 

If  (mA  cm  2) 

Jf/Jb  ratio 

If  at  the  900th 
cycle  (mA  cm-2) 

lf(mA  cm  2) 

Jf/Jb  ratio 

If  at  the  900th 
cycle  (mA  cm-2) 

PtRu/3D  GF 

3.51 

186.2 

158.6 

109.3 

1.14 

108.5 

78.6 

1.00 

25.5 

PtRu/Graphene 

4.24 

121.8 

135.7 

51.3 

0.91 

23.3 

42.3 

0.84 

3.3 

PtRu/C 

5.39 

54.2 

52.9 

25.1 

0.99 

5.3 

33.9 

0.66 

0.6 

48.0  mA  cm-2  in  the  50th  and  100th  cycle,  respectively.  For  PtRu/ 
Graphene  nanocatalyst  (Fig.  4(b)),  a  decrease  in  current  density  at 
forward  scan  peak  was  observed,  following  by  42.3  mA  cm-2  in  the 
1  st  cycle,  31.9  mA  cm-2  in  the  30th  cycle,  29.6  mA  cm-2  in  the  50th 
cycle,  and  26.3  mA  cm-2  in  the  100th  cycle.  Both  the  anodic  peaks 
in  forward  scan  (Jf)  in  MOR  (Fig.  3)  and  EOR  (Fig.  4)  shifted  towards 
positive  potential  as  the  cycle’s  number  increased.  This  higher 
potential  of  MOR  and  EOR  suggested  that  the  Pt  surface  was 
poisoned  by  CO  continuously  and  nanocatalyst  itself  therefore  had 
to  overcome  the  higher  overpotential  to  dissociate  of  methanol  or 
ethanol.  It  was  clear  that  3D  GF  used  as  the  supporting  materials 
exhibited  a  higher  and  more  stable  catalytic  activity  than  com¬ 
mercial  graphene  and  vulcan  XC-72R  carbon  in  MOR  and  EOR.  Hu 
and  Zhang  state  that  the  agglomeration  of  nanoparticles  appears 
after  potential  cycling  which  is  due  to  the  Ostwald  ripening  process 
[3,5].  However,  PtRu  nanoparticles  on  3D  GF  have  the  finer 
dispersion  and  stronger  attachment  than  on  Vulcan  XC-72R  carbon 
and  commercial  graphene  keeping  itself  from  agglomeration  and 
Ostwald  ripening.  PtRu  nanoparticles  with  relatively  uniform  dis¬ 
persions  on  3D  GF  would  reduce  and  prevent  the  agglomeration 
phenomenon  and  therefore  maintain  the  superior  catalytic  activity 
and  stability  during  the  potential  cycling. 

In  order  to  investigate  the  long-term  cycle  stability  of  the 
nanocatalysts,  CV  measurements  were  performed  for  900  cycles. 
Fig.  5(a)  and  (b)  showed  the  durability  performance  of  PtRu 
nanocatalyst  with  different  carbon  supporting  materials  for  MOR 
and  EOR,  respectively.  The  current  density  for  both  MOR  and  EOR 
showed  a  rapid  decay  in  the  initial  period  for  PtRu/C  and  PtRu/ 
Graphene  nanocatalysts.  The  result  showed  that  after  900  cycles 
the  current  density  of  PtRu/C,  PtRu/Graphene,  PtRu/3D  GF  nano¬ 
catalysts  were  reduced  by  78.8%,  54.6%,  and  0.7%  of  their  initial 
current  density  for  MOR  and  decreased  by  98.1%,  92.3%,  and  67.5% 
of  their  initial  current  density  for  EOR,  respectively.  The  current 
density  of  PtRu/3D  GF  nanocatalyst  remained  around  110  mA  cm-2 
after  900  cycles  for  MOR  which  was  20.5  and  4.7  times  higher  than 
PtRu/C  and  PtRu/Graphene,  respectively.  In  EOR,  the  current  den¬ 
sity  of  PtRu/3D  GF  nanocatalyst  was  around  25  mA  cm-2  after  900 
cycles  which  was  40.5  and  7.7  times  higher  than  PtRu/C  and  PtRu/ 
Graphene,  respectively.  All  physical  and  electrochemical  charac¬ 
teristics  of  PtRu  bimetallic  catalysts  on  the  various  carbon  supports 
are  summarized  in  Table  1.  PtRu/3D  GF  nanocatalyst  showed  su¬ 
perior  performance  compared  to  the  other  catalysts  studied,  which 
is  due  to  the  large  surface  area  and  high  catalytic  activity  of  PtRu/3D 
GF.  Figs.  2  to  5  illustrate  the  details  of  the  oxidation  reactions  of 
methanol  and  ethanol,  the  profiles  of  the  MOR  and  EOR  were 
similar,  but  the  magnitudes  of  current  density  were  different. 

4.  Conclusions 

In  summary,  a  new  nanocatalyst  system  of  PtRu  bimetallic 
nanoparticles  decorated  on  3D  GF  was  fabricated.  Anchoring 
bimetallic  nanocatalysts  onto  3D  porous  structure  enhanced  the 
active  surface  area  and  increased  the  effective  transport  of  the  re¬ 
actants.  The  MOR  and  EOR  activities  of  PtRu/3D  GF  were  not  only 


better  than  those  of  PtRu  and  PtRu/C,  but  also  showed  substantial 
improvement  over  PtRu/Graphene  after  prolonged  cycling.  3D  GF 
provided  the  uniform  distribution  of  PtRu  nanoparticles,  improved 
the  availability  ECSA  of  nanocatalyst  for  electron  transfer,  and 
enhanced  the  tolerance  to  CO  poisoning.  The  PtRu/3D  GF  nano¬ 
catalyst  thus  enhanced  the  rates  of  methanol  and  ethanol  oxidation 
reactions. 
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